The specificity of the outer membrane protein receptor for ferric enterobactin transport in Escherichia coli and the mechanism of enterobactin-mediated transport of ferric ions across the outer membrane have been studied. Transport kinetic and inhibition studies with ferric enterobactin and synthetic structural analogs have mapped the parts of the molecule important for receptor binding. The ferric complex of the synthetic structural analog of enterobactin, 1,3,5-N,N',N"-tris-(2,3-dihydroxybenzoyl)triaminomethylbenzene (MECAM), was transported with the same maximum velocity as was ferric enterobactin. A double-label transport assay with [59Fe, 3H]MECAM showed that the ligand and the metal are transported across the outer membrane at an identical rate. Under the growth conditions used, large fractions of the transported complexes were available for exchange across the outer membrane when a large excess of extracellular complex was added to the cell suspension; at least 60% of the internalized [59Felenterobactin exchanged with extracellular [55Fe]enterobactin.
The specificity of the outer membrane protein receptor for ferric enterobactin transport in Escherichia coli and the mechanism of enterobactin-mediated transport of ferric ions across the outer membrane have been studied. Transport kinetic and inhibition studies with ferric enterobactin and synthetic structural analogs have mapped the parts of the molecule important for receptor binding. The ferric complex of the synthetic structural analog of enterobactin, 1,3,5-N,N',N"-tris-(2,3-dihydroxybenzoyl)triaminomethylbenzene (MECAM) , was transported with the same maximum velocity as was ferric enterobactin. A double-label transport assay with [59Fe, 3H]MECAM showed that the ligand and the metal are transported across the outer membrane at an identical rate. Under the growth conditions used, large fractions of the transported complexes were available for exchange across the outer membrane when a large excess of extracellular complex was added to the cell suspension; at least 60% of the internalized [59Felenterobactin exchanged with extracellular [55Fe]enterobactin.
Internalized [59Fe, 3H1MECAM was released from the cell as the intact complex when either unlabeled Fe-MECAM or Fe-enterobactin was added extracellularly. The results suggest a mechanism of active transport of unmodified coordination complex across the outer membrane with possible accumulation in the periplasm.
The mobilization and uptake of iron by microbes is mediated by low-molecular-weight complexing agents (siderophores) (22, 34) . A siderophore produced by Escherichia coli, enterochelin (27) (here called enterobactin) (31) , is the most powerful ferric ion complexing agent known and has been among the most thoroughly studied of the siderophores (34) . However, the detailed mechanism(s) by which iron is delivered to E. coli is unknown. Since E. coli is encapsulated by two membranes, the cytoplasmic membrane and the outer membrane, these barriers and the intervening periplasmic space potentially all play a role in the uptake process. The outer membrane contains about 105 molecules per cell of the protein porin (25) . The porin proteins span the membrane and associate into trimers, which form water-filled channels that allow nonselective passage of solutes measuring up to about 600 daltons. The inner membrane, however, is a more selective barrier. Virtually everything that is known about active transport in E. coli has come from studies of inner membrane transport systems.
For substrates larger than 600 daltons, E. coli expresses specific outer-membrane receptors (recently reviewed) (1, 23) . Outer membrane receptors have been identified for vitamin B12, nucleosides, maltodextrans, certain colicins, phages, and the iron chelates ferrichrome, coprogen, ferric citrate, and ferric enterobactin.
In the present paper, we report studies on the binding specificity and mechanism of receptor-mediated ferric enterobactin transport in E. coli. It has been previously reported that a number of synthetic structural analogs of enterobactin ( Fig. 1) serve as a source of iron for E. coli siderophore auxotrophs in growth promotion tests (13) . Of these compounds, 1,3,5-N,N',N"-tris-(2,3-dihydroxybenzoyl)-triaminomethylbenzene (MECAM) is also active in transport assays. We extended this work with detailed * Corresponding author. kinetic and inhibition studies to probe the binding specificity of the outer membrane ferric enterobactin (fepA) receptor.
Of all the substrates that are transported via a specific outer membrane receptor, only in the case of vitamin B12 has active transport across the outer membrane into the periplasmic space been demonstrated (36) . In the present paper, we report evidence that ferric enterobactin is actively accumulated across the outer membrane as an undissociated, metalligand complex.
Enterobactin possesses a cyclic backbone consisting of three ester-linked serine residues (Fig. 1) . O'Brien et al. (26) observed that, after 45 min of incubation of cells with Fe(ent), the absorbed complex was hydrolyzed because of the activity of an intracellular esterase. An iron release mechanism involving this esterase was proposed, and support for this model came from the observation that the reduction potential of ferric enterobactin at pH 10 is -1.0 V, with an estimated potential at pH 7 of -0.75 V, which would seem to preclude physiological reduction (5, 17) . However, a question arose of whether the substrate for the esterase is Fe(ent)3-(2) or the decomplexed free ligand (9) . Greenwood and Luke (9) re-examined the esterase activity and found that the esterase acts on both the free ligand and the iron complex, but with a 2.5-fold-higher rate for the free ligand.
One major argument against the esterase iron release mechanism is that iron transport and growth promotion have been observed by using enterobactin analogs which are not susceptible to hydrolysis. The synthetic analog MECAM has, in place of the enterobactin triester ring, a skeleton of a triamine derivative of mesitylene ( Fig. 1 ) that is not susceptible to hydrolysis. Growth stimulation tests with several analogs, including MECAM (13, 16, 24, 40) , showed growth promotion. Furthermore, nonhydrolytic iron removal from MECAM by extracts of Bacillus subtilis has been reported (19) . Thus, the esterase mechanism for in vivo iron release from ferric enterobactin has been questioned.
An alternative mechanism has emerged from investigations of the coordination chemistry of Fe(ent) at low pH (14, 15, 28, 29) . In addition to the early electrochemical studies of Fe(ent) (5, 11, 17) , it has been found that reductive removal of Fe from enterobactin is achieved by glutathione at pH values lower than 6 (10) . The observed protonation constants of ferric enterobactin (11, 12) (6, 38) . It constitutes up to 40% of the cell volume. From recent observations (20) , including those reported here, this region of the cell seems to be the principal region of ferric enterobactin accumulation in its early uptake by E. coli. We have recently measured the reduction potential of ferric enterobactin in the pH range 6 to 11 (17) . The potential at pH 6 is -0.56 V. Thus, reduction in an acidic environment at the surface of the cell remains a plausible mechanism for iron removal from E. coli.
In this and the following paper (20), we will consider three possible mechanisms for iron removal from ferric enterobactin. (i) The first step in the metabolism of Fe(ent) after transport into the cytoplasm is hydrolysis of the ester bonds in the backbone by a specific esterase, the fes gene product (9) . (ii) The iron is removed from Fe(ent) by a reductase. (iii) A local low pH environment of the cell allows the reductive removal of iron.
MATERIALS AND METHODS
Bacterial growth. For all transport assays, E. coli K-12 strain RW193 (ATCC 33475) was used (9) . This enterobactin synthesis-deficient mutant (pro leu trp thi purE entA) was kindly provided by Phil E. Klebba. For enterobactin isolation, the strain AN311 was used (43) . It is a strain proficient in enterobactin synthesis but deficient in enterobactinmediated iron uptake (F-pro leu thi fep) and was kindly provided by Carmen Sciortino. Cultures were maintained on agar slants containing YM broth (Difco Laboratories, Detroit, Mich.; 21 g/liter, pH 7.4). Cultures were grown in 100 ml of iron-deficient medium in baffled 500-ml Erlenmeyer flasks in shaking water baths (New Brunswick Scientific Co., Inc., Edison, N.J.; model G-76) at 37°C with the platform rotating at approximately 240 rpm. All culture glassware was acid washed and soaked overnight in a 1 mM EDTA solution, followed by extensive rinsing with deionized, doubledistilled water.
Iron-deficient medium was prepared with deionized, double-distilled water as described by Neidhardt et al. (21) but leaving out the iron and tricine, and supplementing with 4 mM citric acid, 50 mg each of L-proline, L-leucine, and L-tryptophan per liter and 10 mg of thiamine per liter. The calculated iron contamination from the reagent chemicals used in this medium is approximately 0.2 ,uM, and no further steps were taken to remove it.
Cell growth was followed by measurement of the optical density at 650 nm in an HP-8450A spectrophotometer (Hewlett-Packard Co., Palo Alto, Calif.). A standard curve of optical density at 650 nm versus cell dry weight was linear to an optical density at 650 nm of 1.8 (1.0 mg of cell dry weight per ml) on this instrument. Cell dry weight was determined as previously described (21) . The E. coli RW193 grown in iron-deficient medium attained a maximum density of approximately 0.5 mg of dry weight per ml after 24 h of incubation. Cultures supplemented with 5 ,uM ferric enterobactin attained more than double this density. No growth was obtained if the citrate was left out of the medium. For transport assays, cells were grown for 24 h in iron-deficient medium to a density of approximately 0.5 mg/ml. Cells were washed twice with iron-deficient medium without phosphate, citric acid, glucose, or amino acid supplements at pH 7.4, and were resuspended in that medium. When glucose was added, the concentration was 1 g/liter. The cell concentration was adjusted to 1.0 to 1.5 mg of cell dry weight per ml unless otherwise noted, and 10-ml aliquots were pipetted into a 125-ml baffled Erlenmeyer flask, cov-VOL. 167, 1986 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from ered with Parafilm, and stored on ice until use. At 15 min before each experiment, the flasks were placed in the water bath at 37°C and shaken at 240 rpm.
Preparation of metal complexes. Enterobactin was isolated from cultures of E. coli AN311 as previously described (43) . Syntheses of catechoylamide enterobactin analogs MECAM, TRIMCAM, and 3,4-LICAMS have been described previously (41, 42) . Enterobactin, MECAM, and TRIMCAM were dissolved in methanol, and 3,4-LICAMS was dissolved in methanol and water (1:1). Standardized 55Fe, 59Fe, or 67Ga (New England Nuclear Corp., Boston, Mass.; specific activities approximately 60 to 80 dpm/pmol) solutions were prepared as the nitrilotriacetic acid (NTA) complexes at a ratio of metal to NTA of 1:2 in 0.1 M MOPS (morpholinepropanesulfonic acid) buffer at pH 7.4. Metalsiderophore complexes were formed by adding the M(NTA)2 solution to the siderophore solution under argon. The metal/siderophore ratio was 1:1.1 for most measurements, except inhibition studies, where it was exactly 1:1. The methanol was removed under vacuum, and the volume was made up with MOPS buffer. The final metal concentration was 1 mM. For [59Fe, 3H]MECAM, the complex was purified by high-voltage paper electrophoresis as previously described (7), but with 0.1 HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer at pH 7.8. The metal complex was eluted from the paper and filtered, and the concentration was determined from the extinction coefficient (at pH > 8, 490 = 4,900 M-1 cm-1) (11). Chemical and radiopurity of all ligands and metal-ligand complexes were determined by analytical high-pressure liquid chromatography and thin-layer chromatography (ligands) and electrophoresis and autoradiography (metal complexes). Under the electrophoresis conditions described above, the pmol/min per mg and an apparent Km = 0.69 ,uM. The higher Km value for ferric MECAM is not surprising, since only a fraction of the ferric MECAM exists as the same coordination isomer as ferric enterobactin at the pH of the transport assay (see below). The rate of uptake in E. coli from the enterobactin structural analogs TRIMCAM and 3,4-LICAMS was more than 10 times lower than that of ferric enterobactin, consistent with previous growth studies (13) . The ferric complexes of these two compounds did not compete with
[55Fe]enterobactin for the receptor; ferric MECAM did inhibit [55Fe]enterobactin uptake (Fig. 4) . These results suggest that ferric TRIMCAM and ferric 3,4-LICAMS do not bind to the ferric enterobactin (fep) receptor. The cell may have some other mechanism to remove small amounts of iron from these compounds, which is adequate for growth promotion. Thus, growth promotion assays are not reliable indicators of the functional equivalence of enterobactin and synthetic analogs with respect to active transport.
The results of the double-label transport assay with [59Fe, 3H]MECAM showed that the ligand and metal were taken into the cell at an identical rate (Fig. 5) . Glucose-starved cells initially bound the same amount of [59Fe, 3H]MECAM as did glucose-sufficient cells, but subsequent transport was inhibited. Adding glucose immediately restored the ability of the cells to transport the intact complex. A 10-fold excess of unlabeled ferric MECAM added during the transport assay resulted in the release of intact [59Fe, 3H]MECAM from the cell.
The uptake of 2 ,uM [59Fe]enterobactin showed biphasic transport kinetics when monitored for a long period. A rapid rate of uptake over the first 20 min was followed by a much lower rate of uptake that continued for more than 90 min (Fig. 6) . The break in the curve appeared after approximately 400 pmol/mg was accumulated by the cell. The break did not occur because of diminishing extracellular concentrations of substrate. In the experiment shown in Fig. 5 , 100% uptake corresponded to 1,640 pmollmg. Thus, after the cell accumulated 400 pmol/mg, only 25% of the substrate was consumed, and the external concentration of substrate was 1.5 ,uM. Uptake was increased if, in the middle of uptake, the ferric enterobactin concentration was increased. (30 ,uM) of substrate labeled with 55Fe was added, rapid exchange between cellular and extracellular ferric enterobactin resulted, with an overall net accumulation (Fig. 6 ). Approximately 60% of the accumulated [59Fe]enterobactin was exchanged with external compound when the experiment was terminated at 40 min after addition of excess substrate. Identical results were obtained when [55Fe]enterobactin uptake was followed with the addition of [59Fe]enterobactin in excess of 50 min (data not shown). These results suggest that a major portion of absorbed ferric enterobactin is not shunted into metabolism immediately after transport. This conclusion is also supported by experiments with Mossbauer spectroscopy (20) .
To examine the possible role of redox processes in metal ion release from ferric enterobactin, [67Ga]enterobactin uptake was monitored. Over a short time (10 min) [67Ga]enterobactin was taken up by E. coli at about 25% the rate of [59Fe]enterobactin uptake (Fig. 7) . The initial rate for added immediately after the 6-min sample was removed.
DISCUSSION
Of the enterobactin analogs studied, only ferric MECAM inhibited uptake of [55Fe]enterobactin (Fig. 4) . Kinetic analysis of the concentration-dependent uptake rate of [55Fe]MECAM shows saturation kinetics with a maximum velocity identical to [55Fe]enterobactin (Fig. 3) . The appar- The results of these concentration-dependent kinetic and inhibition studies identify more closely the fepA receptor specificity. It is the metal-catechol end of the molecule which is recognized by the receptor; the ligand backbone is important only in that it allows the catechols to coordinate the iron in a structure similar to ferric enterobactin. Sulfonate groups on the catechol ring (as in 3,4-LICAMS) result in loss of recognition, as does removal of the adjacent carbonyl (as in TRIMCAM (13, 19) .
The conclusion that ferric enterobactin is accumulated by active transport, independent of subsequent metabolism, is supported by the requirement of outer membrane transport processes for the cell to carry a normal tonB gene (1) . This gene, which has recently been sequenced (32) , codes for a 26,000-dalton protein that is required for all outer membrane, receptor-mediated transport processes including ferric enterobactin, ferric citrate, ferrichrome, vitamin B12, the energy-dependent irreversible step of +80 and Ti bacteriophage infection, and the action of the B group colicins. The common property of all these substrates is that they contain a coordinated metal ion or exploit a metal ion receptor to gain entry into the cell. Of these substrates, the only example for which active transport across the outer membrane into the periplasm has been demonstrated is vitamin B12. The evidence suggests that vitamin B12 and ferric enerobactin are taken up by very similar mechanisms (23) .
It 
